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responses of astrocytes in the glaucomatous ONH serve as the basis for these cascades (Hernandez et al., 2002) . Damage to retinal ganglion cell axons and remodeling of the connective tissue plates in the lamina cribrosa appear to be mediated by astrocytes Nickells, 2007) . Reactive ONH astrocytes increase expression of various cell surface and extracellular matrix-related proteins such as laminin, tenascin C, and proteoglycans that play important roles in cell-cell recognition and in cell adhesion (Hernandez et al., 2002; Hernandez and Pena, 1997; Pena et al., 1999b) . As might be expected there are also changes in signal transduction in reactive ONH astrocytes (Review ). For example, EGF receptors (Liu et al., 2006) and endothelin B receptors are upregulated in vitro and in vivo. Finally differential gene expression analysis of human ONH astrocytes ) (CA vs. AA) and astrocytes from AA compared to CA donors with glaucoma has revealed changes in multiple signaling systems that are also found in animal models of glaucoma (Johnson et al., 2007; Yang et al., 2007) .
Susceptibility to glaucoma: Differential expression in the ONH astrocyte transcriptomes from glaucomatous AA and CA donors
Gene expression in primary cultures of ONH astrocytes obtained from age-matched normal and glaucomatous donors of CA and AA populations was done using Affymetrix GeneChip microarrays. Gene Ontology analysis and networks of interacting proteins were constructed using the BioGRID database (Stark et al., 2006) . The differential gene expression data were distributed among three networks that include regulation of myosin, actin, and protein trafficking . Remarkably, cultured glaucomatous astrocytes retain differential expression of genes that promote cell motility and migration, regulate cell adhesion, and are associated with structural tissue changes during neurodegeneration. Similar changes in gene expression were observed in glaucomatous optic nerve head tissues as assessed by immunohistochemistry . Thus, the in vitro culture system "remembers" its origins from glaucomatous or control tissue. In these studies, the key differentially regulated genes included myosin light chain kinase (MYLK), TGFß receptor 2 (TGFBR2), Rho-family GTPase-2 (RAC2), and extracellular matrix protein, versican (VCAN). These differentially expressed components of integrated networks may reflect cellular and functional responses to chronic elevated IOP that are enhanced in the glaucomatous astrocytes from AA donors.
Model systems for glaucomatous astrocytes
One of the significant problems associated with work on glaucomatous astrocytes is that their availability is quite limited as the number of donors with glaucoma is much smaller than donors without eye disease. Therefore, we investigated methods to "transform" normal ONH astrocytes into a preglaucoma or glaucoma-like phenotype. In principle, mechanical stress applied to the cells by way of physical contact (as in the ONH) should mimic the in vivo phenotype. Such stress can be done using a mechanical device in which the cells are attached to a deformable surface. Trabecular meshwork (Liton et al., 2005) , lamina cribrosa (Kirwan et al., 2004) , and smooth muscle cells (Feng et al., 1999) have been studied in such systems to mimic forces of mechanical stretch. Some attempts have been made with astrocytes as well (Neary et al., 2003) . However, high force stretch is more often associated with traumatic astrocyte injury (Ni et al., 1997) rather than the lower forces associated with increased IOP in glaucoma. Thus, our in vitro IOP model employs elevated hydrostatic pressure in an environmental chamber (Salvador-Silva et al., 2001 ) that compensates for gas composition and changes in media over time Ricard et al., 2000) . This model system has been used in a number of studies to study changes in bimolecular and cellular properties associated with this induced stress Salvador-Silva et al., 2004; Salvador-Silva et al., 2001; Hernandez et al., 2000; Malone et al., 2007; Yang et al., 1993; Chen et al., 2009; Miao et al., 2010) .
Results-gene expression studies in ONH astrocytes
2.1 Elevated hydrostatic pressure model system to simulate elevated IOP We investigated the molecular bases of elevated hydrostatic pressure (HP) responses in primary cultures of ONH astrocytes derived from AA donors compared to CA donors. This model system simulates the mechanical stresses placed upon the optic nerve head by elevated IOP. Using high density microarrays we investigated global changes in gene expression in a cohort of three astrocyte cell lines from each group. We validated changes in expression induced by elevated HP in three to five additional AA and CA astrocyte lines using quantitative RT-PCR and/or Western Blotting. Using a global phosphoproteome approach, we also identified changes in protein phosphorylation associated with elevated HP. In both gene expression and proteome experiments, ONH astrocytes were subjected to elevated HP for periods of 3, 6, 24, and 48 hours. Control cells were cultured under ambient pressure (CP) for 6 or 48 hr. A custom made pressure chamber was used to subject cultured cells (6 well plates) to 60 mm (above atmospheric pressure) of HP for the desired periods of time. In order to compensate for potential changes in dissolved oxygen or pH, the gas mixture in the chamber was adjusted to 8% CO 2 and buffering capacity in the media increased . Under these conditions changes in dissolved oxygen and pH are negligible during the course of the experiment (Ricard et al., 2000) . Messenger RNA and protein were extracted from the cells immediately after the experiment using standard published techniques Miao et al., 2010; Chen et al., 2009) . Gene expression was measured using Illumina Human-6 beadchips following the manufacturer's protocols. These microarray chips have ~47,000 features representing ~31,000 human genes and expressed isoforms.
Microarray data analysis
To best utilize the unique features of Illumina BeadArray technology, we used the Bioconductor lumi package Lin et al., 2008; Du et al., 2007) to preprocess the raw data output by Illumina Beadstudio software. The data was preprocessed using variance stabilization transformation method followed by quantile normalization. Probes with all samples "Absent" (lower or around background levels) were removed from further analysis to reduce false positives. Two phases of analysis were done. First, to identify differentially expressed genes common to both the AA and CA groups, we applied routines implemented in limma package to fit linear models to the normalized expression values. The variance used in the tscore calculation was corrected by an empirical Bayesian method (Smyth, 2004) for better estimation with a small sample size. For each time point (3h, 6h, 24h and 48h), we compared all HP samples with the control samples, and defined the differentially expressed genes as fold-change higher than 1.3-fold (p<0.01). After this filtering we found 352 genes differentially expressed at least at one time point. In order to reduce variations across different clinical samples, we first normalized the pressure samples at each time point against the control sample from the same eye, then we standardized the normalized expression profile of each gene as one standard deviation and without centering (the foldchange direction is unchanged). Hierarchical clustering was first applied to get an overview of the cluster distribution, and then we defined initial clusters with visually selected cutoff. Using these initial sets, we did KMeans clustering resulting in 4 clusters that include 67, 137, 56 and 93 genes, respectively. The average changes in expression for each cluster as a function of time of HP treatment are shown in Figure 1 . The cluster profile is defined as the average of all gene time profiles in the cluster (solid lines in Figure 1 ). Clusters 1 and 4 exhibit a decreasing trend of expression, while clusters 2 and 3 have increased expression as a function of time of exposure to elevated HP. The profiles of clusters 3 and 4 exhibit a flattening at the 3 and 6 hr times followed by a continued increase or decrease at 24 and 48 hr. These data suggest that ONH astrocytes respond to elevated HP in a dynamic fashion that involves a fast (3-6 hr) and slower (or protracted) response that follows at 24-48 hr. These responses involve genes in different signaling pathways that define a transition to new cellular phenotypes. As we will demonstrate in subsequent sections, there is overlap between the pressure-induced phenotype and glaucomatous cellular profiles that have been described previously (Hernandez et al., 2002; Nickells, 2007) . Similarly, we found that extended HP treatment of ONH astrocytes (72-120 hr) induces further changes in cellular phenotype with respect to the expression of genes that affect cell motility (Miao et al., 2010) and cell morphology (Yang et al., 1993) . 
HP-induced cellular processes in ONH astrocytes
For consistent comparison to the glaucomatous phenotype for ONH astrocytes (Nickells, 2007) we used the GeneGo suite to analyze the differential expression data for our elevated HP data. Using the gene clusters identified above, the genes were mapped onto existing canonical pathways that have been defined within GeneGo (Nikolsky et al., 2005) . There are 650 such maps within the GeneGo library. The overrepresentation of genes within a pathway gives a p-value that estimates the significance of the mapped genes. The four top scoring maps for each cluster are summarized in Tables 1 and 2 Table 1 . Pathway analysis for Gene Cluster s 1 and 2 ranked by p-value. The number of objects refers to the enrichment of genes/total gene related objects in the map.
In the first two clusters, the activation of transcription and cytokine mediated signaling are among the most significant pathways. The transcriptional processes decline with increased time of HP suggesting that this is an early response that stabilizes to near control levels at 48 hr. As will be shown later this response also correlates with changes in protein phosphorylation. The other significant pathways in Clusters 1 and 2 are cytokine-related or other extracellular stimuli. These increase with time of HP treatment suggesting a transition to a phenotype associated with increased sensitivity to extracellular agents. In this regard, this cluster includes serotonin receptor 5B (Table 5) , a receptor known to be upregulated by mechanical stress (Liang et al., 2006; Sanden et al., 2000) . Cluster 3 genes are found in pathways leading to cytoskeleton remodeling, transport, and other signaling processes. ONH astrocytes undergo changes in morphology after being subjected to elevated HP (Yang et al., 1993) and up-regulation of cytoskeletal signaling processes is consistent with these properties. Moreover, altered cytoskeletal , transport, and cell adhesion gene expression is also found in populations of glaucomatous astrocytes . Table 2 . Pathway analysis of Cluster 3 and 4 ranked by p-value. The number of objects refers to the enrichment of genes/total gene related objects in the map Cluster 4 genes populate a distinct set of pathways in transcription, metabolism, and signal transduction. Inhibition of axonal guidance is altered under elevated HP due to secretion of Slit2/3 (Table 3 ) by astrocytes decreased with elevated HP over time. Further decreases in transcriptional pathways are evident in Cluster 4 with changes in the retinoid (RXR) based regulatory pathways. The latter involves changes in transcription through the posttranslational modification of histones ( Figure 2 ). Thus, besides the decrease in expression histones can undergo acetylation and methylation of lysine residues and phosphorylation of serine/threonine residues that alter chromatin structure and the transcription of specific DNA regions (Oki et al., 2007; Ito, 2007) . As shown below we detected phosphorylation of lysine methyltransferase enzymes in ONH astrocytes at early time points of treatment with elevated HP. This is particularly interesting because there are few reports of epigenetic changes being induced by mechanical stress (Illi et al., 2005) and none by elevated HP. Thus, the transcriptome of ONH astrocytes may be undergoing reprogramming to accommodate this presence of this stress. Other pathways represented in Cluster 4 genes that are altered by elevated HP include cyclic-AMP signaling. Our previous studies of short term elevated HP (30 min -3 hr) treatment of ONH astrocytes revealed that cyclic-AMP signaling is differentially affected in astrocytes from African American donors (Chen et al., 2009 ). Upregulation of adenylate cyclases and parathyroid hormone-like hormone (PTHLH) that activates G-protein signaling to adenylate cyclases were detected (Chen et al., 2009 ). In the current work with longer term (24-48 hr) treatment both AA and CA astrocytes down regulate phosphodiesterases (PDE3A, PDE7B (Table 3 .) which may result in higher levels of cyclic nucleotides and increased activity of transcription factors such as CREB that are activated by cyclic AMPdependent phosphorylation (Johannessen et al., 2004; Delghandi et al., 2005) . Table 3 . Selected genes from clusters 1-4 that are found in relevant signaling pathway maps (Tables 1 and 2 ). Fold change in expression (from controls) is indicated at each time point (HP3, HP6, HP24, HP48). 
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Differential gene expression in ONH astrocytes from African American compared to Caucasian donors after treatment with elevated HP
Using the same gene selection and filtering criteria described above for the combined AA and CA data sets, we performed a cross comparison of gene expression at the same time points for genes differentially expressed by AA astrocytes. The 63 genes in Figure 3 were selected by satisfying these criteria: 1. a fold-change > 1.3, p-value < 0.01 of HP-AA vs. Ctrl at least at one time point, 2. a p-value < 0.01 of normalized HP-AA vs. normalized HP-CA at least at one time point (each time point was normalized against control). www.intechopen.com
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To cluster the genes, we first standardized the normalized expression profile of each gene to one standard deviation and without centering (to keep the fold-change direction unchanged), then applied hierarchical cluster to get an overview of the cluster distribution. Based on the hierarchical clustering results, we defined initial clusters with visually selected cutoff value (5.5 for our case). Using these initial clusters, we did K-Means clustering. A total of 6 clusters were obtained. Two representative gene expression cluster patterns over the time course are shown in Figure 4 . The early response genes ( Figure 4A ) increased significantly in AA (in red dotted line) after 3h exposure to HP compared to CA (black solid line). The late response genes ( Figure 4B ) increased significantly in AA (red dotted line) after 48h exposure to HP compared to CA (black solid line). 
www.intechopen.com
The Mystery of Glaucoma 30 2.6 Validation of gene expression changes in ONH astrocytes subjected to elevated HP Gene validation experiments were done primarily on the genes differentially expressed in the AA compared to CA ONH astrocytes as these were most likely to define some of the differences in sensitivity of AA cells to elevated HP. For validation, we tested GPNMB, CTSK, GCLM, HBEGF, and PLOD2. GPNMB is a late response gene. It has a requisite mutation (Anderson et al., 2008) in the hereditary glaucoma mouse model DBA-2J and is differentially expressed in ONH astrocytes in a primate ocular hypertension model (Kompass et al., 2008) . Increased mRNA levels of GPNMB in AA correlate with the length of HP exposure ( Figure 5A ). Another late HP response gene is CTSK which is a lysosomal cysteine proteinase with strong degradative activity against the extracellular matrix and is suggested to play a role in tumor invasiveness. CTSK was significantly upregulated in AA astrocytes after 48 hr exposure to HP ( Figure 5A ). Two down regulated genes in the AA astrocytes compared to CA are HBEGF and PLOD2. In earlier work we found that HBEGF and PLOD2 were expressed significantly lower in native AA astrocytes compared to CA . When exposed to HP, HBEGF expression was further downregulated in AA, while upregulated in CA astrocytes ( Figure 5B ). PLOD2 encodes an enzyme which catalyzes the hydroxylation of lysyl residues in collagen-like peptides. It is important for the stability of intermolecular crosslinks in basement membranes. These data support our idea that the two populations of ONH astrocytes respond differently to elevated hydrostatic pressure with respect to changes in gene expression. Some responses may be due to intrinsically lower expression in the AA astrocyte population that is enhanced by elevated HP, while others appear to be specifically up-regulated in these cells.
Phosphoproteome profiling of ONH astrocytes subjected to elevated HP
Global phosphoproteome profiling was done using standard affinity-based methods to trap phosphopeptides coupled to high performance liquid chromatography-mass spectrometry (LC-MS) for detection and identification similar to our previous studies of changes in protein phosphorylation in the retina following optic nerve crush ). The strategy here was to determine whether changes in gene expression can be correlated with changes in protein phosphorylation in ONH astrocytes subjected to elevated HP. These studies were done on two pairs of ONH astrocytes-one pair from AA donors and the other Table 4 . Gene Ontology categories enriched in phosphoproteins in AA and CA astrocytes at 0 (untreated), 3, 6, 24 and 48 hr of elevated HP treatment of ONH astrocytes.
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The Mystery of Glaucoma 32 from CA donors. As with the initial gene expression analysis, we combined all of the data at each time point to generate lists of the detected phosphoproteins. This was not a quantitative study, but rather a sampling of the phosphoproteome at each time point. This unbiased LC-MS method detects the most abundant phosphopeptides in the sample resulting in a limited survey of phosphoproteins. Phosphoproteome data were obtained at 3, 6, 12, and 24hr of elevated HP. These sets were individually submitted to Gene Ontology analysis using the GoMiner program (Zeeberg et al., 2003) . During the time course of elevated HP, the number of detected nuclear and cell-cycle related phosphoproteins decreases and the cytoskeletal-associated phosphoproteins increase so as to make the differential enrichment significant ( Table 6 . Selected cytoskeletal phosphoproteins identified at early (3-6 hr) and late (24-48) times of elevated HP in ONH astrocytes.
Within the cytoskeletal group were several proteins associated with focal adhesions (Table  6 ). These include for example, DOCK5/9 and ELMO1/2. ELMO was detected at the 3hr HP time point and the detected phosphopeptide, RIAFDAESEPNNSSGpSMEKR, corresponds to residues 329-348 of ELMO1. ELMO1 interacts with DOCK-180 and other proteins in a large complex found at focal adhesions (Beausoleil et al., 2006) . Specific antiphosphopeptide antibodies to ELMO1 were not available, but there are phosphorylation site antibodies to p130CAS, another known phosphoprotein in the DOCK protein complex (Menniti et al., 2006) . p130CAS is known to become highly phosphorylated in response to mechanical stress (Sawada et al., 2006; Geiger, 2006) . We found that p130CAS phosphorylation increases with HP, particularly at the 3 and 6 hr time points in AA astrocytes and at 24-48 hr in CA astrocytes ( Figure 6 ). Thus, the AA astrocytes respond earlier to elevated HP than the CA astrocytes with respect to p130CAS phosphorylation. Phosphorylation of p130CAS and ELMO may modulate the dynamics of focal adhesions. To support this idea, we found that phosphorylation of focal adhesion kinase (FAK) was increased in CA astrocytes at 24-48 hr of elevated HP (Figure 7) . Although FAK was phosphorylated in AA cells, its phosphorylation level was constant at each time point during elevated HP treatment (not shown). Fig. 7 . Phosphorylation of focal adhesion kinase (FAK) in CA ONH astrocytes exposed to elevated HP. Antibodies specific to FAK phosphorylated at Y397 and Y576 were used to probe Western Blots of cell extracts.
Correlations of gene expression and protein phosphorylation in ONH astrocytes
The pattern of cytoskeletal protein phosphorylation is consistent with the differences in gene expression found in the late (24-48 hr) time of elevated HP treatment (Tables 1-3) . Similarly, the pattern of protein phosphorylation at the early (3-6 hr) time of HP treatment is consistent with the transcriptional activity associated with this phase (Tables 1-3) . Thus, the elevated HP system provides a potential "preglaucoma" state in ONH astrocytes because differential changes in expression of genes in the TGFβ pathways and cytoskeletal regulation are found in glaucomatous AA and CA astrocytes and in the glaucomatous ONH . As shown earlier, elevated HP increases the expression of GPNMB protein in AA astrocytes compared to CA astrocytes ( Figure 5C ) consistent with the gene expression data. GPNMB is thought to function as a cell adhesion protein that connects the extracellular environment to downstream cellular signaling linked to gene transcription via TGFβ pathways that modulates the synthesis of extracellular matrix proteins in ONH astrocytes (Fuchshofer et al., 2005) . Therefore, these pathways may be larger contributors to changes in cell adhesion in AA astrocytes compared to CA. On the other hand, the activation of focal adhesions complexes is linked to cytoskeletal remodeling and transcription through multiple pathways (Koyama et al., 2000) . Thus, in signal transduction and gene expression, AA and CA astrocytes exhibit differential responses to elevated HP that can produce altered cell adhesion and morphology.
Conclusions
The types of experiments described in this report fall into the realm of systems biology. The guiding hypothesis is that subjecting a system such as cultured ONH astrocytes, to a stressor (elevated HP) will cause changes in gene expression and protein phosphorylation in a fashion that impacts multiple signaling networks and processes. We found that, indeed, elevated HP induces changes in gene expression patterns that are setting up new cellular phenotypes. Thus, the system is a model for what elevated IOP may induce in ONH astrocytes in vivo. However, the biological and mechanical properties of the lamina cribrosa are complex, defined by contributions from astrocytes, lamina cribrosa cells and blood vessels embedded in a three-dimensional extracellular matrix. Thus, astrocytes and lamina cribrosa cells respond not only to external stimuli such as IOP but to the stiffness of the matrix within which they reside (Bellezza et al., 2003) . Therefore, a cultured cell system is not a perfect model. However, both in vitro and in vivo cells continuously sample their mechanical microenvironment by exerting internally generated tensile forces on the surrounding matrix and adjust their phenotype in a cell-and tissue-specific manner. These sorts of responses are clearly evident in the hydrostatic pressure model used herein. Moreover, the parallels between model and the glaucomatous optic nerve head are converging on the same cellular signaling systems and alterations in gene expression. However, additional validation studies that examine gene expression in the optic nerve head of control and glaucomatous tissues will be needed. These sorts of studies have already been done to validate selected unregulated genes such as the transcription factors Fos and Jun (Hashimoto et al., 2005) , cell adhesion molecules (Kobayashi et al., 1997; Ricard et al., 1999) , extracellular matrix (Pena et al., 1999b; Pena et al., 1998) , TGFβ (Pena et al., 1999a) and TGFβ receptors . In the same realm, changes in protein phosphorylation may define dynamic cellular phenotypes which have characteristics of different cellular populations. The few differences we uncovered in protein phosphorylation of cytoskeletal proteins between CA and AA astrocytes after treatment with elevated IOP are likely just a small sampling of the entire signaling system. However, one of the exciting prospects revealed in this study is that elevated IOP might be inducing epigenetic changes in ONH astrocytes that are responsible,
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The Mystery of Glaucoma 36 in part, for altering gene transcription programs. This opens up unexplored areas for future glaucoma research.
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